Peroxidative degradation of the lysosomal membrane and the resultant release of hydrolytic enzymes may be responsible for hepatocellular injury in iron toxicity. In this study, highly purified hepatic lysosomes were exposed to iron salts in vitro; the nature of this iron-medisited process of injury and the susceptibility of the lysosomal integrity were studied. Native hepatic lysosomes from rats were isolated by free flow electrophoresis. Incubation of the lysosomes at 370C 
Introduction
Excess iron, whether chronic or acute, is toxic to biological systems, but the mechanism of toxicity is unclear (1) . The clinical manifestations of toxic accumulations of iron in various tissues include hepatic fibrosis, disorders of cardiac function, diabetes, and other endocrine abnormalities (1, 2) . Inorganic iron in certain chelated forms has been demonstrated to be capable of promoting free radical-mediated peroxidation of unsaturated lipids in many lipid peroxidation models (3) (4) (5) . It has thus been postulated that the iron deposits may catalyze the formation of free radicals, which in turn may peroxidize study by Bacon et al. (9) reported that increased conjugated diene formations in the lipids of the microsomal and mitochondrial/lysosomal fractions of the tissue were associated with iron accumulation in liver after in vivo administration of iron. These observations provide evidence of iron-induced lipid peroxidation in the subcellular membranes in the affected tissue.
Of apparent importance to cellular pathogenesis is the susceptibility of the lysosome to iron-mediated reactions resulting in extensive intracellular digestion by the released hydrolases. Compared to the studies with microsomes and mitochondria, very limited work has been reported on the direct effect of iron on the integrity of the lysosome, perhaps partly due to the difficulties involved in isolating the purified organelles on a preparative scale. By using the technique of free flow electrophoresis (10), we have been able to prepare relatively purified "native" hepatic lysosomes that are highly latent. The present report represents an effort to characterize the time course of injury of the purified hepatic lysosomes during exposure to "free iron" (both ferric and ferrous iron salts) in vitro; the role of ascorbate and the mechanism of initiation of this iron-mediated peroxidative process were also studied.
Methods
Chemicals. ADP, FeCl3 -6H20, FeSO4* 7H20, ascorbic acid, superoxide dismutase (type I, bovine blood; 2,800 U/mg), catalase (thymol free, bovine liver; 17,600 U/mg), mannitol, DL-a-tocopherol and transretinol (type X) were purchased from Sigma Chemical Co., St. Louis, MO. 2,5-Dimethylfuran and 1,4-diazabicyclo[2,2,2]-octane (DABCO)' were obtained from Aldrich Chemical Co., Milwaukee, WI. Preparation and incubations of lysosomes. Highly purified hepatic lysosomes (30-to 60-fold enriched) from male Sprague-Dawley rats (150-250 g) were prepared by the technique of free-flow electrophoresis as described (10, 11) . Briefly, the light mitochondrial fraction containing the bulk of the lysosomes was obtained by centrifuging the post-heavy mitochondrial supernatant (supernatant at 5,000 g for 5 min) at 20,000 g for 10 min. The pellet was "washed" four times at 20,000 g X 10 min as described. The final pellet was resuspended in the electrophoresis buffer consisting of 0. The rates of lipid peroxidation (malondialdehyde formation) were determined by the thiobarbituric acid method as described previously (10) . The lysosomal marker enzyme NAGA was assayed according to Ruth and Weglicki (12) . Percentage-free activity was calculated as (activity in 0.25 M sucrose)/(activity in 0.1% Triton X-100). Unless specified, changes in percent-free activity of NAGA represented actual alterations in latency of the lysosomes rather than artifactual activation or inactivation of the enzyme by the different incubation conditions. Protein determinations were performed according to Lowry et al. (13) .
Results
Peroxidation of lysosomes by ferric iron and the role of ascorbate. Fe3`in the presence of ascorbic acid is a powerful catalyst for peroxide formation in microsomal suspension from rat liver (3, 14) . Table I resulted in modest levels of percent-free activities of NAGA (-33%-free) over the same period of incubation (Table I) . Fig. 1 displays the temporal correlation between the rate of ascorbate dependent Fe3+-ADP induced lipid peroxidation and the rate of loss of latency in the lysosomes. With the additions of Fe3+-ADP and ascorbate, MDA formation proceeded readily and reached a plateau at -20 min. The loss of the latent activity of the lysosomal NAGA, however, lagged behind and reached a maximum level after 30 min of incubation at 37°C. Although ascorbic acid is a vitamin in vivo, the mechanism by which ascorbate acts in biological systems remains obscure. It has been shown to be either a promoter of oxidation or an antioxidant in microsomal lipid peroxidation (14) (15) (16) (17, 18) . A few studies suggested that°2 (19, 20) and H202 (21, 22) are produced during the autoxidation of ascorbate. Recently, ascorbate was reported (23, 24) to be capable of interacting with iron salts to form the hydroxyl radical, which is widely thought to play an important part in initiating lipid peroxidation (25) . In an attempt to assess whether active oxygen radicals were involved in the ascorbate dependent Fe3+-ADP-mediated lysosomal lipid peroxidation, various scavengers were added to the lysosomal samples before the additions of ascorbate and Fe3+-ADP. As presented in Table II , scavengers of superoxide radical (O-) (superoxide dismutase [SOD]), H202 (catalase) and hydroxyl radical (OH) (ethanol and mannitol) did not appear to prevent the peroxidation reaction nor protect the loss of latent activity of NAGA. However, both a-tocopheral and t-retinol, to a lesser extent, effectively prevented the induced lipid peroxidation and substantially protected the loss of the lysosomal latency. Levels of a-tocopherol and retinol higher than those indicated in Table  II did not provide further inhibition of the peroxidation (data not shown).
Characterization ofthe role offerrous iron. Though ascorbate autoxidizes and forms radicals (17) , and may also interact with iron salts to generate the hydroxyl radical, our data indicate that neither the ascorbate radical nor any of the active oxygen radicals were responsible for the iron-mediated lipid peroxidation or the disintegration of the lysosomal membrane (Tables  I and II) . Results in (27) . These results seem to provide support that *OH was not responsible for the lysosomal peroxidation reaction.
If Fe2+ was the immediate initiating species, the extent of the lysosomal peroxidative degradation should depend on Fe2+ availability when Fe2+ is limiting. Fig. 3 demonstrates that when the lysosomes were incubated for 30 min with added Fe2+, the levels of MDA production were indeed dependent on the various concentrations until a plateau was reached when the Fe21 was >100 AM. Again, corresponding to the various levels of MDA production were the correlative degrees (r = 0.97, slope = 0.595) of increased percent-free activity of NAGA.
A time course study of the Fe2+ mediated lysosomal lipid peroxidation demonstrated that the MDA formation was promoted readily and reached a maximum within the first 10 min (Fig. 4) . In comparison, the initial rate of MDA formation in the Fe3+-ADP + ascorbate system was slower. Inclusions of 100 AM ascorbate in the Fe++ system did not impede the rapid rate of MDA formation. Therefore, the slower initial rate in the Fe3+-ADP + ascorbate system probably reflected the delayed availability of Fe2+ to initiate the peroxidation reaction. Fig. 4 also indicates that the loss of lysosomal latency was highest within 20 min of incubation, whereas the Fe3+-ADP + ascorbate system required 30 min. The earlier shift of the loss of latency seemed to reflect a greater susceptibility of the membrane lipids to Fe2+.
Additional experiments were conducted to determine if the Fe2+-induced peroxidation was affected by various active oxygen scavengers. Similar to the results presented in Table  II , scavengers of O-, H202 and 'OH were not effective (data not shown). However, t-retinol (0.5 Amol/ml) and a-tocopherol (1 gmol/ml) were able to inhibit the peroxidation 60 and 85%, respectively; whereas the percent-free activities of NAGA were reduced to 65 and 52%, respectively. and percent-free activity of NAGA (------*). Other conditions were as described in Fig. 1 (28, 29) . However, other singlet oxygen scavengers, namely DABCO and dimethyfuran, were without effect in our system. The protective effect of a-tocopherol and retinol might thus be due to their ability to interact with the membrane phospholipids in the vicinity of the free radical initiated within the membrane to interrupt the chain reaction (29, 30) . A recent article (30) described that the chain-breaking action of vitamin A may complement that of vitamin E, since vitamin A is effective at low oxygen levels and vitamin E is more effective at higher oxygen concentrations. These findings suggest that vitamin A may be a more important protector during tissue ischemic conditions against membrane damage induced by free radicals. Oxygen and H202 can interact by a Haber-Weiss reaction to form 0OH, which is highly reactive and has been considered to be the ultimate oxygen-derived radical capable of initiating lipid peroxidation (4, 25, 27 (27, 31 ). Yet our results with different scavengers and the data of the incubation conditions with H202 tend to argue against the involvement of OH in the initiation of the iron-mediated lysosomal peroxidation, though it may be formed in the reaction mixture. Alternatively, the initiation species might be an iron-oxy compound that has properties similar to the hydroxyl radical (32) .
While the molecular interaction of the initiation step remains unknown, our study clearly demonstrates that the susceptibility of the lysosomes to the ferrous form of iron is due to a peroxidative reaction of the membrane lipids, that leads to the liberation of hydrolases. Under normal physiological conditions, intracellular iron (either haem or nonhaem) may be highly compartmentalized (33), however, a trace level of "free iron" or "non-protein-bound iron" is present as well (33) (34) (35) (36) . It is believed that such a trace level of "non-proteinbound iron" represents a transit pool into which iron enters from transferrin or from endogenous haem breakdown and from which iron is mobilized for synthesis of ferritin and haem (36) . In view of the reactivity of the iron, it may be inferred that such a pool must be small and perhaps "compartmentalized" as well. In iron-overload or other pathological conditions, such as drug or chemical toxicities, substantial intracellular decompartmentalization of iron might occur and the tissue content of free iron might increase. In the intracellular milieu, the presence of ubiquitous iron-chelating agents, such as adenine nucleotides and citrate, would probably maintain most of the free iron in the ferric state (36) . Ascorbate, present in the hepatic cytosolic fraction, has been estimated to be in the l0-4 M range (37) , which represents a level compatible with promoting the iron-mediated injury.
Gutteridge et al. (38) recently demonstrated that ascorbate could interact not only with free iron, but also with the iron stored in ferritin fractions, to promote peroxidation of phospholipid liposomes. Apparently, this was due to the ability of ascorbate to release iron from the ferritin form. Clinical evidence suggests that ascorbic acid and iron may affect the metabolism of each other. In patients with transfusional ironoverload, subclinical ascorbate deficiency was common and was thought to be due to accelerated oxidative catabolism of ascorbate as a result of excess iron (39, 40) . The potential harmful effects of ascorbate were suggested by a recent clinical report that described enhanced toxicity in patients with ironoverload who received oral administration of ascorbate (40).
Subcellular fractionation experiments and cytochemical studies have demonstrated the selective deposition of ferritin, which is subsequently transformed to hemosiderin in the hepatic lysosomes from patients with iron-overload (41) . Similar results were reported in iron-overloaded rats. Furthermore, lysosomal integrity in the liver biopsy specimens from the patients with iron-overload, measured by latent or sedimentable activity of NAGA, was strikingly reduced (41) ; thus, the lysosomes may be a major target of the iron-mediated peroxidative attack and they may participate in the pathogenesis of iron toxicity.
